Abstract This article isolates the systematic effects of the soil profile on earthquake ground motions recorded at vertical seismic arrays. An empirical Green's function is calculated for a soil interval between two sensors in a vertical array. The estimation technique used here falls into the category of site-response estimates but differs from the standard spectral ratio methods in that an extended Weiner filter (ARMA model) becomes the impulse-response function from one point to another in the soil profile. This method allows quantification of the accuracy of predicted ground motions at a given site with normalized mean square prediction errors generally under 10%, indicating effective and consistent estimates. The models are shown to reproduce site ground motions for inputs that differ over a wide range of peak ground acceleration (PGA), hypocentral locations, and over numerous occurrences.
Introduction
The purpose of this article is to demonstrate the accuracy and consistency of earthquake ground-motion estimates made at individual sites using a system-parameter method. The system-parameter method described and used here is a black-box inverse approach to determining an empirical Green's function for a specific site's seismic behavior. We estimate the best "least squares" estimate of a parametric Green's function from a single earthquake, then apply the model to other earthquake input motions to predict the time domain velocity time history at the site. Using ground-motion recordings from vertical arrays at seismic monitoring sites that have experienced multiple and varied earthquakes, we have an opportunity to examine how soil systems behave in the field under a range of ground shaking. Analysis and comparison of time histories and estimated parameters allow investigation of how the waveform changes as it interacts with the soil system. We apply the system-parameter method to four sites with vertical seismic arrays, and demonstrate that the parametric empirical Green's functions capture the effect of the soil system and are able to accurately map an input (buried velocity time history) to an output (surface velocity time history). The method is tested by characterizing a site from as few as a single seismic event, and testing the predictive capabilities of the chosen parametric model on subsequent earthquakes at the same site. We also present a range of techniques to glean information from the data sets, testing the repeatability of site response against different variables (earthquake size, location, time, etc.) . By assessing the consistency of site response, we determine the range of the developed linear models.
The four sites to be analyzed-the Chiba Downhole Array, Japan, the Garner Valley Downhole Array, California, the Lotung Downhole Array, Taiwan, and the Port Island Downhole Array, Japan-have extensive databases of vertical-array earthquake ground-motion recordings. Chiba, Lotung, and Port Island are all "deep soil" sites, with hundreds to thousands of meters of sediment beneath the surface. For comparison, the Garner Valley site has only a 19 m soil cover over the underlying weathered granite. The Port Island case study includes ground-motion data above and below a portion of the soil profile that liquefied during strong shaking and therefore provides insight into how soil behavior changes due to liquefaction.
Methodology and Philosophy
Our technique falls into the category of site-response estimation but differs significantly from the standard spectral-ratio methods. The empirical Green's functions we derive from an inversion of input-output ground-motion data sets have predictive value in that they can directly be used to predict future surface ground motions given an input ground motion. The Green's functions presented in the following pages capture the change in waveforms between two discrete points in the soil profile. Rather than assessing changes in the site-response model (shape of the transfer function), which may be nonunique or a strong function of signal processing methods, we test the predictive capabilities of the empirical Green's functions. This allows us to determine the sensitivity of the model to different input ground motions and the accurate range for that model.
Interpretations of our empirical Green's functions suffer from some of the same drawbacks found when spectral ratios are used with downhole recordings (surface/downhole) (Safak, 1997) . Namely, the surface reflection is an intrinsic part of the downhole particle velocity time history, and therefore the downhole recording does not represent "exclusively incoming" (propagating vertically upward) motion. The surface reflection can result in a "hole" in the transfer function at a frequency related to the travel-time lag between instruments. In our case, however, the empirical Green's function is not calculated for expositive value, but rather for predictive value. The interaction resulting in the spectral "hole" is a fundamental aspect of the specific site response and is part of our site model. A similar argument can be applied to surface waves generated by deviation from our assumption of 1D vertical-wave propagation. The system-parameter algorithms will try to fit a model to all aspects of the time series (including surface waves when they exist). The portions of the data that cannot be fit by the simple models will show up as error in the prediction. So as long as the prediction error is small, the simple empirical Green's function models can be assumed adequate (Tukey, 1984; Johansson, 1993) . The predictive function extracted using the systemparameter method should only be used at the particular site and for the particular soil intervals for which it was originally found.
We implement our analyses in a system identification (SI) framework to insure that we are finding the best-fit model to model the soil system, using standard criteria to insure that the chosen model is appropriate (e.g., Bolin, 1987) . The parametric model used in our analyses is a complex-valued rational polynomial, referred to as an autoregressive moving-average model with exogenous noise (ARMAX). Modern process characterization has its origins with Yule's (Yule, 1927) formulation of the autoregressive (AR) estimator. Extensions of this model, for example, AR-MAX, ARX, and Box-Jenkins, allow input, system, and output noise to be expressly modeled (Ljung, 1987) . Parametric methods of system characterization and SI have been used extensively in fields such as process control, radar tracking, and other applications in mechanical, structural, and electrical engineering. Robinson (1982) has used AR parametric models extensively with his work in wave propagation, and with Silva (1992) shows that seismic transmission through a layered system (i.e., stratigraphic column) is an autoregressive process. Since SI is a stochastic analysis of time series, our parameter estimates can be presented with a welldefined degree of confidence.
System Parameter Modeling
Given input and output data from a borehole, the system parameter estimation of an empirical Green's function is attempting to capture the same quantity as a spectral ratio of the two records: a mapping of velocity time histories between two points in the soil profile. Both methods suffer from the nonuniqueness of the inverse problem (Johansson, 1993) . System identification estimates the mapping directly as weights of an infinite impulse response (IIR) filter. Spectral-based methods directly estimate the weights and phaseshifts for a given trigonometric infinite series; the transferfunction estimate is a secondary step. When using spectral ratios, the recommended procedure is to average spectra from multiple events at the same site, and window and smooth the data (in both time and frequency domains) to reduce the noise and uncertainties, and identify the correct spectra. The results are presented as log-log scaled spectral amplitudes. In our approach, we can make use of single earthquake events, and essentially take an extended Weiner approach (the minimum-phase constraint is given up, at the cost of possible instability of the recursive function). The relative advantages (and disadvantages) of the Weiner-based methods compared to spectral ratios have been extensively discussed in the signal processing and control theory literature (e.g. Weiner, 1964; Burg, 1975; Jurkevics and Ulrych, 1978; Cakmak and Sherif, 1984; Yilmaz, 1987; Claerbout, 1996) . The result is a linear-scaled time series and is compared to actual results. We also chose the system parameter method for the ease of formulating a prediction model. System-parameter modeling involves inversion of input and output data for a statistical, parametric model of a predetermined form. A simple model for characterizing a system is a polynomial mapping between system input and output, schematically illustrated in Figure 1 . One such model, referred to as an autoregressive-moving average model with noise, characterizes the system as a weighted polynomial of past outputs (AR) and past and present inputs (MA) (e.g., Popescu and Demetriu, 1990; Kanasewich, 1981) :
where y is the actual output data sequence, x is the input sequence, a and b are the AR and MA parameters, respectively, e is the noise term, and the subscript t is the timestep counter. The output is seen as a combination of the input history acted upon by the b coefficients and the past outputs acted upon by the a coefficients. The input series, involving the b coefficients, is a causal moving average (MA) feedthrough process (convolutional). The series involving weighted past output values (a coefficients) is a noncausal autoregressive (AR) process. The input and output time histories both contain all motions at their respective locations including reflections (downgoing and upgoing waveforms). The reflections (stratigraphy) are a site property and are inherently accounted for by the inverse model. In fact, it has been shown by Silva and Robinson (1992) that seismic transmission through a layered system (e.g., stratigraphic column) is an autoregressive process.
Choice of Model Order and Validation
The lengths of the AR and MA processes (model order) are free variables that must be explicitly chosen so that the model best represents the physical process in question and the statistical appropriateness of the chosen model order is verified by several accepted methods (Bohlin, 1987; Priestley, 1992) . The initial assumption made for these analyses was that the soil systems acting on the various waveforms recorded were basically linear. The linear SI algorithm used is fundamentally a least-squares-based estimate for fitting the ARMAX model (Sorenson, 1970) and results in model parameters that are constant with time. An important property of the ARMAX model is invoked when choosing the model order, the associated 2n-2n ARMAX difference equation is also the difference equation of the integral of the equation of motion of a n-degree-of-freedom (DOF) lumped mass oscillator (Beck, 1978; Ghanem et al., 1991) . We limit our choice of model order to 2n-2n ARMAX models so that we can use our understanding of the lumped mass model to interpret the site-response models.
Each input/output pair of strong-motion records was initially submitted to an overall algorithm that calculates the loss function (normalized sum of squared prediction errors) versus model order increased in 2n-2n steps for a suite of preselected model orders. A typical loss function plot is shown in Figure 2 , for Event 12, DHA 0-6 m at the Lotung site. This plot shows that the waveforms only carry information from the first 3 to 4 modes (12 to 16 parameters); there was virtually no improvement in estimation quality (smaller error) for more parameters. Examination of the pole and zero plot of the estimated complex roots insured that excessive, overlapping parameters were not included (e.g., Astrom and Soderstrom, 1974) .
In most cases, the fits were excellent for a small number of parameters. An example is shown in Figure 3 , which shows the estimated and actual values of output for DHA Event 12, 0-6 m, N-S component for a 2-DOF model (8 parameters). For this calculation, the error function varied from 1.037 for the 2-DOF model to 1.018 for a 10-DOF model, indicating that essentially no new information was left to be extracted from the data by the more complicated models. Experience has shown that any estimate above the second or third mode is tenuous at best, although numerically we are only limited by computational power as to how many modes we want to calculate. Given that the data does not have an infinite signal-to-noise ratio, that is, there is noise present from many sources including quantization, there is only a limited amount of information that can be taken from the data (Shannon, 1949) . The "true" system Green's function is more complex than that which is identified, but because we are limited by the amount of information in the data, we can only identify an "effective" empirical-Green's function. Additional modes will try to fit the noise rather than the system itself. The appropriateness of the chosen model was also checked by insuring 99 percent confidence in both the whiteness of the residual autocorrelation function, and for the cross-correlation function of the input signal and output residuals (Bohlin, 1987) .
The model range can be rigorously checked by feeding actual recorded input motions into the chosen model and comparing the calculated output to actual ground motions recorded at the site to assess the predictive power of the model. Given the similarity between actual and calculated interval outputs (e.g., signal entering the soil layer at 6 m and recorded at the surface), the technique is found to be effective. In Figure 3 , a linear mapping with just 8 parameters is close to a perfect fit and strongly suggests that the calculated parameters must be carrying some information about how the soil layer affected the through-passing waveform.
To further reduce model error, it is sometimes recommended to merge multiple models into a single, more robust model. This method results in the "best fit" model over a greater amount and range of data. Two or more models estimated on different data sets are combined through a weighted average using the variance of each filter model as the weighting parameter. Models can be combined over E-W and N-S recordings for the same earthquake or over multiple earthquakes. By using more data to determine the bestfit model, the uncertainty in the model should be reduced.
Nonuniqueness of Inverse Models
As for all practical inverse problems, the ARMAX model solutions are nonunique. A unique model is chosen from the family of possibilities by further constraining the problem through acceptance of a least-square criteria, limiting possibilities to order 2n-2n, acceptance of Occam's razor, and other selection procedures described. By assessing the accuracy of predicted ground motions for a selection of earthquakes by the chosen model, we broaden the range of applicability.
The Identified Inverse Model as a Predictive Tool
At the four study sites we have recordings from multiple earthquakes, and at Chiba and Lotung we have groundmotion recordings at multiple vertical arrays locations horizontally separated at the site. Once an empirical Green's function model is estimated using least-square optimization, the goal is to use the model to assess the effectiveness and range of the model and to predict ground motions for future earthquakes at the site. To use the ground-motion filter models as a predictive tool, projected input waveforms are fed into the model to produce output ground motions. Temporal consistency of our ability to predict can be tested by feeding input waveforms for different earthquakes through the model and comparing the recorded and simulated output waveforms. When sites have multiple vertical arrays separated horizontally, the spatial consistency can be tested by passing data sets for the same soil interval recorded at different locations at the site.
Quantification of Error
The accuracy of the predicted ground motion is quantified by the mean squared error (MSE) normalized to the maximum amplitude of the ground motion (peak ground velocity, PGV). The MSE is an overall measure of the error magnitude for a model prediction and is directly related to the loss function used in the least-square estimation algorithm. Because earthquake ground-motion time series are nonstationary, the mean value of the squared error term will most likely not be stationary. Therefore, it is necessary to specify the portion of the earthquake that will be analyzed for error with the assumption of a constant mean. By analyzing the window of the earthquake containing all the peaks with values greater than or equal to 0.2 times the PGV for that earthquake and normalizing the records by the PGV of the output, the resulting normalized prediction error (NPE) provides a useful statistic with which the goodness of fit of a model to an input-output data set can be assessed and compared with other cases.
Previous Work
In the field of earth science, system-parameter modeling has been used as a robust method of spectral estimation rather than as a method of characterizing the ground media through which seismic signals travel. In the 1960s and 1970s, there was great interest in modeling seismic events for the purpose of identifying the source as an earthquake or thermonuclear blast. For certain model structures, the parameters can be related to important physical properties such as earthquake intensity, duration, and distance (Cakmak and Sheriff, 1984) . The so-called "smoothness priors timevarying AR coefficient" model has been successfully applied to many earthquake surface motions (e.g., Kitagawa and Gersch 1985) .
Besides application to relevant seismological identification problems, parametric modeling has also proven to be a powerful tool for estimating properties of soil throughout the liquefaction process during the Superstition Hills Earthquake at the Wildlife site (Glaser, 1996) . A good example of the application of time-adaptive parametric modeling of soil parameters from earthquake strong-motion data is given by Safak (1989) . The strong shaking process was modeled as a single input-single output ARMAX system and the parameters estimated by a recursive prediction error method.
Chiba Down-Hole Array, Japan
Using data from the Chiba Array, we demonstrate the validity and consistency of the system parameter empirical Green's function characterization of site ground motion in the following three ways:
• Ability to accurately estimate empirical Green's functions between two points in the soil profile • Temporal consistency of empirical Green's function estimates is shown by application of a model estimated from one event to several other events of different character with excellent accuracy • Spatial consistency of empirical Green's function estimates is demonstrated by successful application of a model estimated from one borehole to similar soil intervals at other site boreholes.
The Chiba Seismometer Array was installed in 1982 at the Chiba Experiment Station of the Institute of Industrial Science at the University of Tokyo. The location is approximately 30 km east of Tokyo, on the Chiba Plain. Borehole logs throughout the site indicate similar and consistent geologic profiles. An example geologic profile is presented in Figure 4 and consists of approximately 3 to 5 meters of loam underlain by 2 to 4 meters of sandy clay, which is subsequently underlain by a stiffer diluvium sand layer (Katayama et al., 1990) . The water table was measured at 5-m depth. The SPT blow counts indicate that the upper 8 to 9 meters of material is significantly less stiff than the underlying sand. The soil and velocity profiles indicate several impedance contrasts, which could result in resonant behavior at the site.
Multiple vertical arrays were placed geometrically in the horizontal plane to provide spatial coverage of the site. Borehole C0 has five three-component accelerometers at depths of 1, 5, 10, 20, and 40 m. Boreholes P1 and P6 have instruments at 1-, 10-, and 20-m depth and are used in this study along with the C0 instruments. The database consists of 27 recorded events with peak ground acceleration (PGA) ranging from less than 0.01 g to 0.3 g, with most events between 0.02 g and 0.08 g. Four events were chosen out of the 27-event database, offering a range of sources, azimuths, distances, and PGA. The characteristics of the sources used in this study are given in Table 1 . Event 8722 had the largest PGA, 0.33 g, whereas the remaining events had PGA of 0.08 g (Event 8525 and 8519) and 0.06 g (Event 8307).
The temporal consistency of our site-response characterization was tested for borehole C0 over the four events presented in Table 1 . The spatial consistency of site response was assessed by testing the predictive ability of the empirical Green's function model for the specific soil interval at borehole C0 at the same soil interval at boreholes P1 and P6. Borehole C0 is separated from P1 by 15 m and from P6 by 143 m as shown in Figure 5a . The borehole logs indicate consistent geology at these three boreholes as shown in Figure 5b . The model accuracy for each data set was quantified by the NPE for each case.
Analysis of the Baseline Event
Event 8519 at the C0 borehole was the baseline case at the Chiba site for the E-W and the N-S components of the velocity time histories for three soil intervals (1-10 m, 10-20 m, 20-40 m). In order to improve the certainty of the empirical Green's function estimates, the E-W and N-S filter models were merged into a single model per soil interval using an average weighted by the variance of each filter. Table 1 summarizes the NPEs between the simulated and actual Event 8519 data using the ARMAX models. NPE is less than 10% for all but the weakest signals. Figure 6a Katayama et al. (1990) .
interval, 40 m to 20 m, which has a significantly smaller amplitude, and hence a smaller signal-to-noise ratio. The frequency domain representations of the merged ARMAX models are shown in Figure 6b with 95% confidence intervals to represent the variance in the models. The transform pairs indicate resonant behavior at the site with spectral resonance decreasing from around 3 Hz in the top soil interval to around 1 Hz in the deepest soil interval. These resonant frequencies cannot be explained easily by the common quarter wavelength resonant frequency relationship and may result from the spectral hole caused by feedback from the surface.
Temporal Consistency of System Identification Estimated Ground Motions at Chiba
In order to demonstrate that empirical Green's function models are consistent over a variety of events, the Event 8519 (JMA magnitude ‫ס‬ 6.1) models were used to estimate the velocity time histories over the same three soil intervals for three other earthquakes. Event 8525 had a similar PGA to Event 8519, but with the azimuth of the event rotated 150Њ clockwise and a JMA magnitude of 5.0. The simulations of the E-W time histories for Event 8525 made using the 20 m to 10 m Event 8519 model are shown in Figure 7a . Comparisons of actual and estimated time histories for Events 8722 (JMA magnitude ‫ס‬ 6.7) and 8307 (JMA magnitude ‫ס‬ 6), made using the Event 8519 model for the same interval (20 m to 10 m), are shown in Figure 7b and 7c, respectively. The NPEs between the actual and simulated ground motions for each soil interval and event are summarized in Table 1 .
Event 8722 was the largest earthquake in the database (JMA magnitude ‫ס‬ 6.7) and resulted in the largest peakground accelerations, over three times those measured for Event 8519. With a PGA of 0.33 g, the soil behavior could be in the nonlinear range. Figure 7b central distance from 28 to 45 km, azimuths ranging from 6Њ to 158Њ, and magnitude from JMA ‫ס‬ 5 to 6.7. The consistent estimates using a stationary model further confirm that the site response over this range of shaking at the Chiba site is captured by a single linear model per soil interval.
Spatial Consistency of System Identification Estimated Ground Motions at Chiba
The spatial consistency of site response at the Chiba site was tested by using the models estimated for the C0 borehole over the same soil intervals at boreholes P1 and P6. Figure  8 shows the match between actual particle velocity and that calculated using the C0 model for the 10 m to 1 m interval at each borehole. The NPE for each data set is given on each plot and summarized in Table 2 . The similar magnitude of the errors for the P1 and P6 simulations at both soil intervals compared to the errors at C0 indicate that the soil response is generally consistent within the upper 20 m at each of the three borehole locations. The similarity of borehole logs is consistent with these results. 
Garner Valley Downhole Seismologic Array
Using data from the Garner Valley Downhole Seismographic Array (GVDSA), we further demonstrate:
• Ability to accurately estimate empirical Green's functions between two points in the soil profile using the systemparameter method using displacement time series data • Temporal consistency of empirical Green's function estimates, shown by application of a model estimated from one event to several other events of different character, again with excellent accuracy • The effect of strong impedance contrasts in the site profile • Merging models from two small events to increase prediction accuracy as an alternative to merging two components of data (used at Chiba)
The Garner Valley Downhole Seismographic Array (GVDSA), installed and operated by the Institute of Crustal Studies at the University of California at Santa Barbara, is located in Garner Valley, California. The site is in a narrow valley 7 km from the main trace of the San Jacinto fault system and 35 km from the San Andreas Fault. The geologic profile at the GVDSA site consists of soft alluvium, classified as interlayers of silty sands, sand, clayey sand, and silty gravel, grading into weathered decomposed granite between Figure 9 . GVDSA soil and velocity profile from Archuleta et al. (1992) .
18-and 45-m depth and then into more competent bedrock, as shown in Figure 9 (Archuleta et al., 1992) . Hardcompetent bedrock has been reported at approximately 90-m depth based on the shear-wave-velocity profile and is classified as granodiorite of the Southern California Peninsular Ranges batholith (Nigbor and Stellar, 1996) . The water table fluctuates through the year between the surface and 1 to 3 m below the surface. The soil profile includes two regions with high-impedance contrast, the soil-weathered rock interface, and the weathered rock-rock interface, which would be expected to amplify ground motions. Instrumentation at GVDSA during 1992 when the data for this study was recorded includes dual-gain threecomponent force-balance accelerometers at the surface, and depths of 15, 22, 55, and 220 meters. Acceleration values were digitized at 500 samples per second (Archuleta et al., 1992) . Prior to analysis, the orientations of the horizontal stations were rotated such that the two horizontal components were sensitive to the radial and tangential source motions based on the azimuth of the Joshua Tree event. The measured accelerations were integrated twice to get the displacements used in the analysis.
The source parameters for the six GVDSA events studied are shown in Table 3 
Analysis of the Baseline Events
Using the GVDSA data set, empirical Green's function models for each soil interval were determined for the M L 4.0 and 4.8 events, and then merged into a single predictive site characterization for that interval. The models were estimated using the N46E components of displacement data for the various temblors. Table 3 summarizes the model orders chosen and the NPEs between estimated and actual ground displacements for the baseline events. The deepest interval, 220 m to 55 m, did not provide a good model estimate for the M L 4.0 event. This is most likely a result of the small magnitude of the rock motions at this depth, hence a very low signal-to-noise ratio.
The merged empirical Green's function models are represented by their transform pairs with spectral variance indicated by 95% confidence intervals, shown in Figure 10 . In this figure, the estimated layer by layer displacement time history for the M L 4.8 event is graphically compared with the measured data. The surface-to 15-m interval transfer function has the most significant amplification of site response with the identified resonant frequency at 3.3 Hz matching what would be predicted for resonance instigated by the soil-weathered rock interface (using the quarter wavelength relationship, f r ‫ס‬ V s /4H) and what was predicted by Archuleta et al. (1992) using spectral ratios. Resonance from the deeper weathered rock is not evident in the transfer functions.
Temporal Consistency Of System Identification Estimated Ground Motions at GVDSA Temporal consistency of the empirical Green's function estimates at GVDSA can be assessed by comparing the model simulations with the measured data for several events, using the models derived previously for the M L 4.0 and 4.8 events. A summary of the NPEs for each soil interval and each event is shown in Table 3 . For the smaller events with low signalto-noise ratios, the simulations are accurate for the upper two soil intervals. The empirical Green's function models for the deeper intervals in the weathered granite and granite resulted in less accurate predictions. The more energetic M L 4.8, 5.0, and 5.5 events are simulated accurately at all intervals.
The M L 6.1 event (the Joshua Tree earthquake, Fig. 11 ) resulted in the largest ground accelerations recorded at GVDSA and was simulated for each vertical interval as presented in Figure 11 . The displacements recorded during this event were on the order of four times as large as the magnitude 4.9 event, yet they were accurately simulated using the merged empirical Green's functions estimated for the baseline events, indicating essentially linear soil wave propagation behavior in this range. These results confirm the tem- poral consistency of site response at GVDSA over a range of PGA (0.01 to 0.10 g), depth (3 to 12 km), and epicentral distance (43 to 54 km).
The Lotung Down-Hole Array, Taiwan
Using data from the Lotung Large-Scale Testing (LSST) site, we demonstrate:
• Ability to accurately estimate empirical Green's functions between two points in the soil profile using the systemparameter method • Temporal consistency of empirical Green's function estimates by application of a model estimated from one event to several other events of different character • Spatial consistency of empirical Green's function estimates by application of a model estimated from one borehole to similar soil intervals at another site borehole
In the early 1980s, the Electric Power Research Institute (EPRI) and the Taiwan Power Co. constructed two scale models (1/4 and 1/12 scale) of a nuclear containment structure near Lotung, Taiwan. The soil instrumentation at the LSST site includes two downhole arrays (DHA and DHB) of accelerometers extending to a depth of 47 m (Tang, 1987) . Instrumentation details can be found in Tang (1987) ; all sensors are oriented in N-S, E-W, and vertical directions. DHA is located 3 m from the 1/4 scale structure, and DHB is located 47 m from the structure, allowing for investigation of soil-structure interaction and spatial consistency of site response. The downhole instruments are located at depths of 6 m, 11 m, 17 m, and 47 m.
The geology of the Lotung site is summarized by Wen and Yeh (1984) and by Tang (1987) . The area consists of a recent alluvium layer 40-to 50-m thick overlying a Pleistocene formation that varies from 150 to 500 m in thickness. Underlying the Pleistocene material is Miocene basement rock. A simplified soil profile consists of 30 to 35 m of silty sand and sandy silt with some gravel, above clayey silt and silty clay, shown in Figure 12 . The water table is within half a meter of the ground surface, under artesian pressure. The site has been extensively investigated with five independent testing programs (Anderson and Tang, 1989) .
The 17 seismic events recorded at Lotung include sources encompassing an arc of approximately 165 degrees relative to the site, with focal depths from 0.9 km to 22 km, and peak horizontal accelerations from 0.01 g to 0.49 g. Events 4, 7, 12, and 16 will be considered "large" events, with peak accelerations over 0.17 g.
Temporal and Spatial Consistency of System Identification Estimated Ground Motions at Lotung
In order to test the consistency of site response for the Lotung site, empirical Green's functions developed from the Event 8 interval motions (peak input acceleration ‫ס‬ 0.03 g) at borehole DHB were applied to events 3, 4, 7, 8, 9, 10, 12, and 16 (with peak-input accelerations ranging from 0.01 to 0.49 g). The empirical Green's function models were also applied to a selection of the ground motions at borehole DHA to test the spatial consistency of site response and soil structure interaction. Figure 13 shows an example of the Event 8 filter for the 6-m to surface interval applied to Event 16 6-m strong motion at DHB. Event 16 was the highest magnitude (M L ‫ס‬ 7.0) event recorded at Lotung, and also had a PGA of 0.17 g. Pore water pressure rose to 16% of the initial effective vertical stress. As can be seen in Figure 13 , the linear estimate matches the actual surface velocity history very well implying the ground effectively maintained linearity. The goodness of fit was quantified by an NPE of 4.3%.
An example of site response that is not well characterized is shown in Figure 14 , the Event 8 filter for the 6-m to surface interval applied to Event 3 6-m strong motion. Event 3 had a local magnitude of 5.5 but resulted in relatively small ground motions, with a PGA of 0.01 g. In this case, the Event 8 filter did a very poor job of mapping the Event 3 motions from 6 m into the actual particle velocity at the surface with a NPE of 33%, most likely as a result of low signal-to-noise ratio of the Event 3 motions. A summary of the goodness of fit of the Event 8 filter set applied to all events at both boreholes is presented in Table 4 . It is seen that the site response is significantly more consistent for the events that caused larger ground motions, probably due to the better signal-to-noise ratios for these data sets. For the soil intervals tested at borehole DHA, the Event 8 DHB model correctly modeled the site response in the deeper intervals. The 0-6 m soil interval was not modeled accurately and therefore appeared to be affected by soilstructure interaction. Overall, the Event 8 filter consistently predicts the site response at the Lotung site over a range of PGA (0.03 to 0.21 g), epicentral distance (5 to 78 km), and 
Port Island, Japan
Using data from the Port Island Downhole Array, we demonstrate:
• Ability to accurately estimate empirical Green's function models between two points in the soil profile using the system-parameter method • Temporal consistency of empirical Green's function estimates by application of a model estimated from a foreshock event to the mainshock of the 1995 Kobe earthquake.
Port Island, a reclaimed island located in Osaka Bay, Kobe, Japan, was instrumented by the Development Bureau of Kobe City with a four level vertical array of accelerometers (depths ‫ס‬ surface, 16 m, 32 m, and 83 m). This array recorded ground motions during the 17 January 1995 Kobe earthquake. Complete acceleration time histories at the four depths were recorded for foreshocks and aftershocks as well. The soil profile at the site consists of loose sandy fill to a depth of approximately 17 m with denser natural materials below, as shown in Figure 15 . In order to determine the extent of nonlinearity of the soil profile, empirical Green's function models were estimated for each soil interval for a 28 June 1995 foreshock (PGA ‫ס‬ 0.007 g) of the main event and used to model the main shock (PGA ‫ס‬ 0.54 g).
The 16 m to surface interval was determined to have liquefied during the main shock of the Kobe earthquake based on the observation of sand boils adjacent to the recording station and examination of the recorded acceleration Iwasaki and Tai (1996) . time histories (Iai et al., 1996) . The lower soil intervals in the dense sand of the natural deposits are not believed to have liquefied (Iwasaki and Tai, 1996) . Figure 16 shows the velocity ground motions observed for the main shock together with those estimated using empirical Green's function models derived from the 28 June 1995 foreshock for the 16 to 32 m interval. The accuracy of fit in this figure indicates that the soil behavior below 16 m depth has not been significantly altered by the strong shaking at the site. The estimation for the liquefied portion made using the linear foreshock model of the soil profile is plotted in Figure 17 against the measured data. The simulated data using the foreshock model matches the measured data up until the point of liquefaction (Iai et al., 1996) when the soil behavior changes drastically and the linear model is no longer appropriate.
Discussion
We believe this study provides useful and conclusive answers to the question: Can SI site characterization accurately and consistently predict ground response? As long as soil does not liquefy, and for a wide range of PGA, magnitude, and epicentral distance, the answer is yes. The models capture how soil behavior and geometry affects the ground motion. Once the soil starts to liquefy and change state, dynamic soil behavior will begin to dominate site behavior.
The derived linear filters broke down at the onset of actual liquefaction at Port Island (PGA ‫ס‬ 0.54 g) but work well at high accelerations at sites not experiencing liquefac- tion (0.21 g at Lotung; 0.33 g at Chiba, and 0.1 g at GVDSA). At Lotung, an event with a PGA of 0.49 g was beyond the range of applicability of the developed empirical Green's functions. At Port Island, the deeper soil intervals are modeled well with linear models during the same large event, which liquefied the top layer. Soil is a very complex material exhibiting a variety of nonlinear behavior in laboratory testing, such as the degradation of modulus with strain and the build up of excess pore water pressures. This study has demonstrated that the soil system in the field continues to function as a linear medium for wave propagation even for large particle accelerations.
The results at GVDSA and at the Chiba site underscore the importance of a strong impedance contrast in the soil profile. At GVDSA, the resonating layer is the soil cover, as predicted by resonance of waves in a horizontally layered media. The expected effects of the weathered bedrock-bedrock impedance contrast are not evident, possibly as a result of the gradation of weathering. At Chiba, impedance contrasts at the loam-sandy clay interface and at the sudden stiffening in the sand layer may instigate the resonant behavior, which is consistent in the three soil layers. The frequency of the resonance in the empirical Green's function models does not correspond with that predicted by simple resonance in a horizontally layered media. The frequency may be affected by the spectral hole in the transfer function or more complicated behavior at the sites. This leads to the possible conclusion that significant impedance contrasts rather than soil degradation dominate site response for sites where they are present.
Conclusions
We have analyzed four vertical array sites and demonstrated the consistency of system-parameter empirical Green's function estimates under varied conditions. The geologic conditions at the sites range from shallow soil (19 m) over a weathered granite profile at Garner Valley, to deep soil sites at Lotung, Chiba, and Port Island. Stationary AR-MAX models were used to capture the soil behavior in the discrete soil intervals between vertical array instruments, an empirical Green's function between two discrete points in the soil. For each site, baseline models were chosen and then applied to a range of recorded ground motions. For the Chiba and Garner Valley sites, two independent models were merged to a single more robust model with weighting determined by the model variances. NPEs were calculated to determine the fit of a model to each set of event data with almost all errors falling below 10% as presented in Tables  1-4 . Model estimates include the estimated variance, which can be represented by confidence intervals on the frequencydomain transfer function.
We found that events with larger ground motions (but not experiencing significant soil phase transition) were modeled better than events with small ground motions, most likely as a result of the larger signal-to-noise ratio. Over a large range of shaking, a linear model can successfully predict ground motion. In other words, minor softening of the material does not alter the site response enough to impinge on prediction quality. The upper bound for linear site response at these sites was 0.1 g at GVDSA, 0.33 g at Chiba, and 0.21 g at Lotung given the existing ground-motion data set. The Port Island site experienced linear behavior until the onset of liquefaction in the surficial layer and linear behavior below 16 m (surface PGA ‫ס‬ 0.54 g).
Our analysis of the Chiba and Lotung data sets gave evidence of ground-motion estimate repeatability over space as well as time. The site response at Chiba was found to be consistent over a 143 m lateral distance, with vertical arrays having similar soil profiles. Analysis of the Lotung data indicated evidence of soil-structure interaction in the top 6 m, but spatial consistency of site response below 6 m with a horizontal separation of 47 m. The Garner Valley site also indicated site response temporal repeatability. Estimation of ground response of the deeper intervals in the granite resulted in larger errors most likely as a result of the low signal-to-noise ratio. The quarter wavelength resonance of the soil layer at Garner Valley was the dominant attribute of the site response.
In the future, we will improve our characterization of the site response with a more physical understanding of the filter models. This can be accomplished by improving our filter model to account for continuous or distributed mass. We also hope to improve our statistical analysis by carrying the variance all the way through the analysis, resulting in a statistical distribution for the estimated soil parameters and a more robust method of combining models, reducing estimate variance as more event models are added.
